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H I G H L I G H S 7 
 A two-phase flow visualisation and heat transfer experiment bench was established 8 
 Flow patterns at various crank angles in an open cooling gallery were captured 9 
 The effects of motor speed and heating on flow patterns were discussed 10 
 The temperature distribution was obtained and the effect of speed was discussed 11 
 Transition from laminar flow to turbulent flow has been identified 12 
 13 
ABSTRACT  14 
The demand of increasing power density of Internal Combustion Engine promotes the 15 
technology development using internal cooling gallery of the piston. The oil flow and heat 16 
transfer performance of the piston internal cooling gallery has great influence on the cooling 17 
performance, which affects the thermal conditions of piston and of entire engine. The 18 
experimental study using visualising method is therefore critical and important to observe the 19 
flow patterns inside the piston gallery. In this paper, we presented the visualised study of 20 
two-phase flow patterns within an open cooling gallery by using a high-speed camera at 21 
various crank angles. The effects of motor speed both on the flow patterns and temperature 22 
2 
distribution were investigated and the heat transfer mechanisms in gas-liquid two-phase flow 1 
during reciprocating motion were explored. Based on the study, the period-doubling 2 
phenomenon, which represented the transition from laminar flow to turbulent flow, was 3 
observed when the speed was around 400-500 rpm. Results indicated the increase of motor 4 
speed can effectively improve the cooling performance. Results also shown when the speed 5 
was higher than 600 rpm, the reduction of temperatures was quite close, which proven the 6 
existence of optimal or minimum requirement of motor speed to achieve good quality cooling 7 
performance. The results obtained in this study could be used as a critical reference for 8 
numerical studies and important experimental reference to further investigate the design and 9 
optimisation of engine cooling gallery for vehicle application.  10 
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1. Introduction  13 
Increasing attentions and research interests have been focusing on the environmental 14 
problems caused by the emissions from Internal Combustion Engine (ICE) [1, 2]. One of the 15 
potential solutions is to increase the power density of the ICE in order to achieve higher 16 
overall energy efficiency, reduce the emissions and improve the fuel economy, which requires 17 
the increase of thermal loads of the in-cylinder components especially the piston [3, 4].  18 
Spray cooled, oil jet and cooling gallery are the three main piston cooling methods to 19 
improve the piston cooling ability [5-7]. When spray cooled and oil jet cooling methods are 20 
used, most of the heat (70%-90%) is dissipated through ring belts and the backside of crown 21 
3 
[7]. And for cooling gallery method, 60%-70% of the heat dissipates through the cooling 1 
gallery [7]. Because the piston head zone suffers the most thermal loads and is the place 2 
having the highest temperature, the cooling gallery type has been recognised as the most 3 
effective cooling method. The parameters such as oil filled ratio and oscillating frequency of 4 
the cooling gallery have great influence on the cooling performance. It is therefore critical to 5 
investigate the working principles of transient two-phase flow and heat transfer mechanism 6 
under oscillation.  7 
Extensively researches have been conducted to investigate the oscillating flow and heat 8 
transfer performance by both simulation and experiments since 1960s. Bush et al. [8] 9 
established an experimental set and studied the cocktail shaker with a closed cavity and put 10 
forwards two equations correlated experimental heat transfer coefficients between the cavity 11 
ends of a cocktail shaker system. French [9] and Woschni et al. [10] conducted experiments 12 
studying the heat transfer coefficient and the temperature distribution using simplified cooling 13 
gallery. Later years, experiments using different models to replace the cooling gallery in real 14 
piston were conducted. Nishimura et al. [11-14] utilised a sinusoidal wavy-walled channel 15 
replacing a smooth duct to investigate heat transfer enhancement by oscillatory flows, and the 16 
results indicated that the flow patterns which affected heat transfer rate directly were 17 
influenced by the frequency of oscillatory remarkably. In 1997, Chang et al. [15] conducted 18 
an experimental work to investigate influence of reciprocating motion on heat transfer inside 19 
a ribbed enclosure and showed that at the highest reciprocating speed, the heat transfer was 20 
enhanced about 145 % of the equivalent stationary case. Further experimental studies showed 21 
that at a pulsating number of 10.5, the time-average Nusselt number could reach about 165 % 22 
4 
of the stationary device [16]. Moreover, rectangular dust [17], curved vertical channel [18] 1 
and annular channel [19] were used to investigate the effects of the reciprocating motion and 2 
the heat transfer rate. Thiel et al. [20] established a test bench and investigated the influence 3 
of different amount of oil jet nozzles and pistons with different sharps of cooling gallery (one 4 
with variable cross section, one with stepped chamber segments, one with dual arm cooling 5 
gallery). Results showed that with the same gallery volume, the one with dual arm cooling 6 
gallery had the best cooling effects [19]. Chang et al. [21] experimental investigated the 7 
area-average Nusselt number at different oscillating frequencies in a titled reciprocating 8 
thermosyphon and gained the results that the Nusselt number raised to 1.25–2.85 times 9 
compared with the static thermosyphon, which confirmed the improved heat transfer 10 
performance by reciprocation. Luff et al. [22] studied the influences on the piston temperature 11 
distribution, engine exhaust emission and fuel economy with or without cooling oil in the 12 
cooling gallery. Results showed that the temperature of the one without cooling oil was 13 
23℃-28℃ higher, and the NOx emission is 3% higher [22]. Ni et al. [23] investigated the heat 14 
transfer characteristics of oscillating flow in a U-sharped tube with different materials, such 15 
as helium, nitrogen and carbon dioxide. Results showed that the heat transfer coefficient 16 
ranked as helium> carbon dioxide> nitrogen [23]. In 2015, Wang et al. [24] and Lv et al. [25] 17 
used a high-speed camera to capture the flow patterns at different oil fill ratio and different 18 
engine speed in a closed cavity to analyse the heat transfer effect.  19 
Owning to the severe realistic conditions, such as the high temperature, high pressure, 20 
continuous and fast moving, measuring the piston precisely in time is always quite difficult to 21 
conduct. Therefore, the numerical simulating methods should be adopted as the beneficial 22 
5 
supplement. It also could be taken as essential tool to assistant designing and evaluating. With 1 
the development of computer science, numerical simulation methods such as CFD analysis 2 
have been widely conducted in studying the flow and heat transfer of cooling galleries. Early 3 
in 1995, Chiu et al. [26] have investigated turbulent heat transfer and predicted wall heat flux 4 
in reciprocating engine by using an algebraic grid generation technique. The results showed 5 
that increasing the curvature of the cylinder head would increase the strength of induced 6 
squish flow and wall heat flux [26]. The temperature distribution [7], the oil filled ratio [27], 7 
and the heat transfer coefficient [28] at different crack angles and different zones in a cooling 8 
gallery of piston were studied by CFD method in succession. In 2006, Fu et al. [29] explored 9 
the eff ects of frequency, amplitude and Reynolds number on heat transfer rate of the piston in 10 
a numerical simulation of a reciprocating piston cooled by fluid with the application of FEM 11 
and ALE method, and results showed that hat the heat transfer mechanisms influenced by the 12 
frequency were more remarkable than those influenced by the amplitude and Reynolds 13 
number. In 2009, Yoshikawa et al. [30] developed an oil gallery cooling model with CFD 14 
method, and results showed with the use of cooling gallery, the surface temperature of the 15 
piston could reduce as much as 300K compared with the piston cooled by air, and the piston 16 
temperature profile was determined by the details of the oil cooling jet and gallery oil flows. 17 
Then the effects of the geometry, the acceleration and the liquid fill level in a hollow valve 18 
stem with liquid sodium cooling were investigated by Sander et al. [31] , who believed the 19 
liquid fill level was the most influencing factor compared with other factors in their study. On 20 
the other hand, the selection of turbulence model and multiphase model were also discussed 21 
by Zhu et al. [32] and Wang et al. [33]. Difference models were applied and compared in 22 
6 
detail for seeking the more precisely and effectively model [32, 33]. Based on their research, 1 
the SST 𝑘 − 𝜔 turbulence model and Eulerian multiphase model performed better both in 2 
the simulation of oscillating movement and the heat transfer effect prediction [32, 33].  3 
In this paper, we presented a visualised study of two-phase flow patterns within a 4 
simplified cooling gallery by using a high-speed camera at various crank angles. A test bench 5 
has been designed, constructed and used to investigate the effects of motor speed both on the 6 
flow patterns and temperature distribution. The heat transfer mechanisms in gas-liquid 7 
two-phase flow during reciprocating motion have also been explored, which could provide as 8 
a critical reference for numerical studies and important experimental reference to further 9 
investigate the design and optimisation of engine cooling gallery for vehicle application.  10 
2. Methodologies 11 
 
Fig.1. Schematic diagram of piston movement 
7 
2.1 Calculation for speed and acceleration of piston 1 
The schematic diagram of the piston movement is shown in Fig.1 [34]. R is the radius of 2 
the crank; L is the length of the connecting rod; θ is the crank angle; 𝜔 is the angular 3 
velocity; S is the distance from the piston to the crank centre; t is the time. The relationship of 4 
the parameters shown in Fig. 1 can be written as the following equations.  5 
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The Eq. (2) and (3) can be respectively modified as Eq. (4) and (5), when 𝜆 is defined as 6 
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The Eq. (6) can therefore be defined based on the Maclaurin’s expansion of the equation 8 
𝑓(𝑥) = (1 + 𝑥)𝛼.  9 
8 
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The Eq. (4) and Eq. (5) could be written as 1 
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The Reynolds number of the flow in the pips could be calculated as Eq. (9) 2 
Re =
𝑢𝑑
𝜐
 (9) 
Where d is the hydraulic diameter (m), 𝜐 is the kinematic viscosity of the fluid (𝑚2/𝑠). 3 
Combined with the velocity defined in Eq. (7) and Eq. (9), the Reynolds number can be 4 
written as 5 
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In this gallery, R is 0.015m, a is 0.1m, and b is 0.2 m. 𝜐 could be considered as 1.01 ×6 
10−6m2/s, then Reynolds number can be calculated by Eq. (11) 7 
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2.2 Experimental apparatus 8 
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Fig. 2. Schematic diagram of experimental apparatus 
The schematic diagram of test bench is shown as Fig. 2. A simplified open cooling 1 
gallery has been designed, constructed and used in this study. A high-speed camera has been 2 
used to capture the gas-fluid two-flow patterns at various crack angles. The test system is 3 
composed of a servo motor with a controller and a driver, a simplified cooling gallery model, 4 
a guide rail providing oscillation motion for the cooling gallery, a slide block, a crank train 5 
mechanism, a high-speed camera, a spotlight, a water recycle system with a water tank and a 6 
water pump, several flow sensors and thermal couples (TC) and the data acquisition system. 7 
The piston gallery is like a ring with an ellipse-shaped cross section as shown in Fig.3 [33]. 8 
Considering the manufacture data and referring to the work reported by Kajiwara [7] and 9 
Yoshikawa [30], the cross section of the piston in this work adopted rectangular-shape rather 10 
10 
than ellipse-shape, because it is difficult to capture the picture to observe the flow pattern in 1 
the curved shape gallery.  2 
 
 
(a) (b) 
Fig.3. Piston cooling gallery configurations (a) Schematics of piston gallery oil flow (b) 
Geometry configuration of piston gallery [33] 
The servo motor provides the power for the system, and the motor speed could be 3 
controlled by the controller. The guide rail is fixed on a platform, and a slide block is 4 
assembled on the guide rail while the cooling gallery model is assembled on the slide block. 5 
The slide block could slide up and down on the guide rail with little force of friction. The 6 
crank train mechanism is used to connect the motor and the slide block, so when the servo 7 
motor is driven, the cooling gallery model oscillates on the guide rail, and the oscillation 8 
frequency can be changed through the servo motor controller. Water is pumped out from the 9 
water tank and flow back to the water recycle tank after flowing through the cooling gallery. 10 
A flow sensor is assembled at the gallery inlet to get flow data. On the top of the gallery, there 11 
11 
is embedded an electrical resistance as a heater, and the heat power could be regulated by the 1 
power controller.  2 
 
Fig. 4. Schematic diagram of the cooling gallery and arrangement of thermal couples 
The schematic diagram of the cooling gallery model is shown in Fig. 4, which was a 3 
rectangular cavity (with a size of 100mm x 6mm x 20mm) as depicted in Fig. 4. And the 4 
material properties of the model are listed in Table 1. The front side of the cavity was 5 
assembled with a piece of glass, and on the left side and the right side there were two holes 6 
that make water passing through the gallery. In order to investigate the effects of heat, we 7 
assembled a heat resistance with a power controller on the top of the model, and 15 thermal 8 
couples with maximum error ±0.5K were assembled on the top of the cooling gallery. The top 9 
layer constituted thermal couple TC1~TC5 (No.1 to No.5), the middle later constituted 10 
TC6~TC10, and the bottom layer constituted TC11~TC15, where the vertical distance of each 11 
layer was fixed to 2mm as shown in Fig.5. The high-speed camera and the spotlight were 12 
12 
installed in front of the glass side of the gallery to capture transient flow pattern images of the 1 
gas-liquid two-phase flow. Both the images and the temperature data were collected by the 2 
data collection system and stored in a computer. In this study, deionised water was used 3 
instead of engine oil because of the large viscosity and poor transparency of engine oil, which 4 
restricted the observation.   5 
Table 1.  Material properties of the top plate 6 
Name of the parameters Value 
Density(g/cm3) 7.93 
Melting point(℃) 1398~1454 
Heat capacity (kJ·kg-1K-1) 0.5 
Heat conductivity(W·m-1·K-1) (100℃)16.3, (500℃)21.5 
liner expansible coefficient(10-6·K-1) (0~100℃)17.2, (0~500℃)18.4 
Resistivity (10-6Ω·m) 0.73 
Modulus of longitudinal elasticity(kN/mm2) 193 
 
Fig.5. Corresponding positions of 15 thermal couples. 
13 
3. Results and discussion 1 
3.1 Visualisation experiment 2 
3.1.1 The effects of motor speed on flow patterns 3 
  
(a) (b) 
Fig. 6 The velocity and acceleration of gallery at different motor speeds.  
(a) Velocity. (b) Acceleration 
  
(a) (b) 
Fig. 7. The Reynolds number at different motor speeds. 
(a) Fluctuation of Reynolds number at various crank angle (b) The averaged Reynolds 
number at different motor speeds 
Based on the Eq. (7) and (8), the velocity and acceleration of the gallery at different 4 
motor speed could be plotted as Fig. 6. Results indicated when the motor speed was 1000rpm, 5 
the maximum velocity was almost the tripled of the one at 400 rpm, the difference of 6 
accelerations even higher. Moreover, the Reynolds number at different motor speed was 7 
studied as shown in Fig. 7. The averaged Reynolds number increased from 5200 to 13000 8 
14 
when the motor speed increased from 400 rpm to 1000 rpm, which would provide the 1 
reference to help us understand the different exhibitions of flow pattern.  2 
The flow ratewas set at Q = 0.07m3/h , and different flow patterns were compared at 3 
various motor speeds without heating, as shown in Fig. 8 – Fig. 11. As to the dynamic inertial 4 
force, the water impinged on the top and bottom surfaces of the gallery, and mixed the air to 5 
form an air-water mixture fluid. Besides, the flow patterns changed periodically with the 6 
crank angles during the oscillation period. Results indicated the water adhered at the top 7 
surface when the gallery model travels from Top Dead Centre (TDC) to Bottom Dead Centre 8 
(BDC) and at the bottom surface when the gallery model travelled from BDC to TDC.   9 
  
0 °CA 360 °CA 
  
90 °CA 450 °CA 
  
180 °CA 540 °CA 
  
270 °CA 630 °CA 
Fig. 8. Flow patterns at 400 rpm 
15 
Fig. 8 showed flow patterns at the speed of 400rpm. The flow patterns changed with the 1 
changes of crank angles, and the crankshaft turning two rounds (720°CA) could form one 2 
period. At the first round, when the cooling gallery moved from TDC (0°CA) to the BDC 3 
(180°CA), the water rose up and impinged the top surface of the gallery at about the middle 4 
place. After the impingement the flow separates into two parts, one to the left and another to 5 
the right. There is still a certain amount of water adhered at the bottom surface, because at 6 
relatively low speed the gravity has more effects than the inertial force. When the cooling 7 
gallery moved from the BDC (180 °CA) to the TDC (360 °CA), almost all the water was 8 
adhered at the bottom of the gallery, and when reached the TDC, the water trended to rise up 9 
as the first round but the place changes. It rose at the both sides of the gallery while at the first 10 
round it’s the middle of the gallery.  11 
While the cooling gallery moved from TDC (360 °CA) to the BDC (540 °CA) again, the 12 
flow at the right side impinged on the right wall of the gallery on rising up and impinged the 13 
top surface of the gallery as the first round. However, at the left side, there is another flow 14 
from the water pump that interacts with the left flow, which made the left part of the gallery 15 
full of water. Finally, while the cooling gallery moved from BDC to TDC again, all the water 16 
was adhered at the bottom and trended to rise at the middle place as the beginning. Over the 17 
complete cycle, the water kept bulk density with few bubbles and separated droplets. It is a 18 
typical period-doubling phenomenon which indicates that the flow at 400rpm might be in the 19 
transition from laminar flow to turbulent flow, when the averaged Reynolds number is around 20 
5200.  21 
16 
500 rpm 600 rpm 
  
TDC 
  
90 °CA 
  
BDC 
  
270 °CA 
Fig. 9. Flow patterns at 500rpm and at 600rpm 
With the increase of motor speed, the inertial force began to determine the motion of the 1 
mixture fluid. For instance, Fig. 8 showed the flow patterns at 500 rpm and 600 rpm. Water 2 
rose up and impinged on the top surface of the gallery during the downward movement and 3 
was adhered at the bottom surface and trended to rise up again with stronger impingement 4 
17 
during the upward movement. As the speed increased, more peaks were produced at TDC as 1 
illustrated in Fig. 9. There were two peaks at 500rpm and three peaks at 600 rpm. The 2 
interactions between peaks increased the chaotic level and more bubbles are produced 3 
because of the stronger impingement and of more peaks. The period-doubling phenomenon 4 
still could be observed clearly at 500 rpm, but not easy to be distinguished at 600 rpm.  5 
700 rpm 800 rpm 
  
TDC 
  
90 °CA 
  
BDC 
  
270°CA 
Fig. 10. Flow patterns at 700 rpm and at 800 rpm 
With further increase of motor speed, as shown in Fig. 10, the process of the impingement 6 
was similar. The water rose up and impinged on the top surface of the gallery during the 7 
downward phase and was adhered at the bottom surface and trended to rise up again during 8 
18 
the upward phase where the impingement was even stronger with the increasing motor speed. 1 
More peaks were produced, and the chaotic level increased since there were more and 2 
stronger interactions between the peaks. Lots of bubbles were produced that can improve the 3 
cooling performance significantly. Moreover, the mixture fluid in the middle zone was much 4 
chaotic than that in the left and right sides as the results presented in Fig. 10.  5 
900rpm 1000rpm 
  
TDC 
  
90°CA 
  
BDC 
  
270°CA 
Fig. 11. Flow patterns at 900 rpm and at 1000 rpm 
When the motor speed increased to 900 rpm and to 1000 rpm, though the process was still 6 
similar, the impingement was extremely stronger, and the gallery was filled with droplets and 7 
bubbles. The mixture fluid in the middle zone was much more chaotic than that in the left and 8 
19 
right sides, as shown in Fig.11. In fact, the chaotic level and the flow patterns at 900 rpm and 1 
at 1000 rpm were quite similar with each other. Except the higher the speed was, the more air 2 
bubbles and droplets could be produced, which could be observed in Fig. 11.  3 
3.1.2 The effects of heating on flow patterns 4 
The influence of heating on flow patterns was investigated and the results were studied in this 5 
section. The experiments were conducted with heating at 100 W and without heating function. 6 
The flow patterns at TDC were compared as shown in Fig. 12.  7 
At relatively low speed, such as 400-600rpm, the flow patterns with and without heating 8 
were not the same, but most of their performances were observed as similar in the whole 9 
cycle. The water in both situations trended to rise and to impinge the top surface of the 10 
cooling gallery, but a certain amount was still adhered at the bottom surface because of the 11 
gravity. Furthermore, the water in both situations kept bulk density with few bubbles and 12 
separated droplets. With the increasing of motor speed, the uniformity of the flow patterns 13 
with and without heating was obvious. The flow patterns with and without heating at 700 rpm, 14 
800 rpm, 900 rpm and 1000 rpm were respectively compared in this section. The results 15 
indicated that heating has little influence on the flow patterns of the mixture fluid over the 16 
whole oscillation motion, especially at high speeds.  17 
 18 
Motor 
speed 
Flow patterns with heat (100W) Flow patterns without heat 
400rpm 
  
20 
500rpm 
  
600rpm 
  
700rpm 
  
800rpm 
  
900rpm 
  
1000 
rpm 
  
Fig. 12. Flow patterns at TDC with and without heating 
3.2 Study of heat transfer performance 1 
In order to test the internal and surface temperatures, some thermal couples were 2 
embedded in the top plate as shown in Fig.4. The gallery was heated without oscillation until 3 
the temperatures were stable to record the temperature of 15 points. Fig.13 illustrated the 4 
temperature values in point 1-15 (the corresponding positions were shown in Fig.5). It can be 5 
observed that temperatures are different because of structure and un-uniform heating powers, 6 
the middle position (by naming it position3, where TC3, TC8, TC13 are) has the maximal 7 
power, then the second one on the left position (by naming it position2, where TC2, TC7, 8 
TC12 are), then the second one on the right position (by naming it position4, where TC4, TC9, 9 
21 
TC14 are), then the most left position (by naming it position 1, where TC1, TC6, TC11 are), 1 
and finally the rightmost position (by naming it position5, where TC5, TC10, TC15 are).  2 
3.2.1 Study of temperature distribution at different places 3 
The temperature at different places and the effects of the motor speeds were measured 4 
under the testing conditions (Q = 0.07m3/h, P = 50W, and n = 500rpm) to investigate the 5 
temperature distribution. In the beginning, the servo motor was switched off and then 6 
regulated the flow to 0.07 m3/h. Then the heater was switched on with 50 W to heat up the 7 
cooling gallery. When the temperature becomes stable, the servo motor was turned on and set 8 
the speed at 500 rpm.  9 
 
Fig. 13. The temperatures in test points 1-15 
22 
  
(a) (b) 
  
(c) (d) 
 
 
(e)  
Fig. 14. Lengthways temperature distribution 
The lengthways temperature at five positions were compared as shown in Fig. 14. The 1 
results as indicated in the figure suggested the tendency of all five groups were similar but 2 
slightly difference can also be observed. When the oscillation motion begins the temperature 3 
of the upper two layers and the absolute value of the curve slope is reduced, which means the 4 
oscillation motion has positive effect on the cooling performance. The temperatures of the 5 
23 
bottom layer are however a little different in comparison with the other two layers. As the 1 
oscillation motion begins, the absolute value of the temperature curve slope is much larger, 2 
which means there is a very strong temperature reduction, and the further reduction of 3 
temperatures is in fluctuation during the cooling process. When the water reaches the top 4 
surface of the cooling gallery and takes the heat away, the temperature will be reduced. When 5 
the water leaves the top surface and reaches the bottom surface, the top surface contacts air 6 
whose thermal conductivity coefficient is lower than that of the water. This interaction leads 7 
to the temperature fluctuation in the whole cooling process. Because the mixture fluid in the 8 
middle zone is the most chaotic area of the gallery, the temperature fluctuation in Position 3 9 
has a more lager amplitude than that in other positions.  10 
  
(a) (b) 
Fig. 15. Temperature differences (a) between the top and the middle layers and (b) 
between the middle and the bottom layers 
The temperature differences between the top and the middle layers were compared, and 11 
the results were plotted in Fig. 15 (a). In the beginning, the temperature differences of all the 12 
5 positions are quite limited because the oscillation motion has not started. When the 13 
oscillation motion started, the temperature difference of all the temperature sensors at 5 14 
positions reached the maximal values. The maximum temperature difference is in the middle 15 
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place such as Position 3 and Position 4 who have the temperature differences about 9 ℃. At 1 
the side place such as Position 1 and Position 5, the temperature difference obtained in the 2 
experiments is around 3 ℃.  3 
The temperature difference between the middle and the bottom layers has similar trend, as 4 
shown in Fig. 15 (b). However, it has a much larger maximal value that reaches about 90 ℃, 5 
almost ten times compared with the former one. These phenomena indicate that the places 6 
closer to the surfaces of cooling gallery have a larger heat transfer coefficient as the water 7 
impinges directly, and the heat transfer coefficient reduces as time passing so the speed of 8 
cooling slows down.  9 
3.2.2 The effects of motor speed 10 
As previously discussed, the temperature variation at 5 positions has similar tendency, the 11 
effects of motor speed can therefore be investigated by analysing the temperature of Position 12 
3 (TC3, TC8, TC13). The effect of 5 motor speeds (400 rpm, 500 rpm, 600 rpm, 700 rpm, and 13 
800 rpm) at all 3 layers has been studied and the results are shown in Fig. 16. Similar trends 14 
of the temperature variation of all 3 layers can be observed. Results indicate at 400 rpm, the 15 
temperature reduction tendency is much lower than the results of other rotational speeds. 16 
Significant improvement on the cooling performance can be observed at 500 rpm. With the 17 
increase of speed, such as at 600rpm, the cooling performance is still improving, but the 18 
improvement is less significant. When the speed is set at 700 rpm and 800 rpm, the difference 19 
between the temperatures at these two speeds is quite limited. The curves at 700 rpm and 800 20 
rpm as shown in Fig 16 are almost overlapping. As previously stated, the difference is that the 21 
temperature at bottom layer has a phenomenon of fluctuation.  22 
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(a) (b) 
 
 
(c)  
Fig. 16. Temperature variation (a) at TC3, (b) at TC8, and (c) at TC13 with different speeds 
The balanced temperature and the time duration of the bottom layer at different speed are 1 
analysed. At the beginning, the temperatures are almost the same, at about 160℃, but the 2 
balanced temperatures have large differences after the oscillation. At speed 400rpm, the 3 
balanced temperature is about 92℃ . When the speed is up to 500rpm, the balanced 4 
temperature has a significant reduction, at about 34℃. And at speed of 600rpm-800rpm, the 5 
balanced temperatures are very close with each other, at about 29℃. Balanced temperatures at 6 
high speeds are much lower than that at low speeds, and their differences between high 7 
speeds are quite small. Moreover, it takes more than 200 s to get balanced at 400 rpm, while it 8 
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needs much less time at high speeds, for instance it takes only about 120s at 500rpm and 1 
600rpm, and even less than 110 s at 700 rpm and at 800 rpm.  2 
4. Conclusions 3 
In this paper, the two-phase flow patterns within a cooling gallery by using a high-speed 4 
camera at various crank angles has been investigated using visualisation method. A test bench 5 
has been designed, constructed and used to investigate the effects of motor speed both on the 6 
flow patterns and temperature distribution. Furthermore, the heat transfer mechanisms in 7 
gas-liquid two-phase flow during reciprocating motion were explored. 8 
Based on the study, the period-doubling phenomenon was observed when the speed was 9 
around 400-500 rpm, which indicated the transition from laminar flow to turbulent flow. 10 
When the motor speed increased, the impingement of the two-phase flow between the top 11 
surface and the bottom surface turned to be stronger, and the chaotic level improved, and 12 
more air bubbles and droplets were produced accordingly. 13 
The effects of heating on the flow patterns were also investigated. Results indicated there 14 
was no obvious difference on the flow pattern with or without heating. The motor speed was 15 
found to be the most significant influence on both the flow pattern and heat transfer. When 16 
the motor speed increased, the temperature reduced rapidly. The temperature at the ceiling of 17 
gallery was fluctuated because of the water direct impingement. But when the speed was 18 
higher than 600 rpm, the improvement degree of cooling performance decreased when the 19 
speed keeps increasing. The gap between 600 rpm to 800 rpm was far less than the gap 20 
27 
between 400 rpm to 600 rpm. This indicated that the heat transfer in turbulent flow was quite 1 
stronger than in transition flow. But when the flow was already in turbulence, more increasing 2 
on the speed was less effective to improve the heat transfer. A correlation formula considering 3 
the influence of motor speed, the cavity shape and the material properties to the heat transfer 4 
in the cavity has been obtained, which can be found in Appendix. Results obtained from this 5 
work can be used as a critical reference for numerical studies and important experimental 6 
reference to further investigate the design and optimisation of engine cooling gallery for 7 
vehicle application.  8 
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Appendix 15 
Correlation formula of results  16 
Based on the similarity principle, if two heat transfer processes have the same Nusselt 17 
number, their heat transfer phenomena are similar. Considering the rectangular shape of 18 
cavity and the temperature revise, the expression of correlation formula is given as follows 19 
j
w
fimn DCNu )(PrRe


                                              （11） 20 
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Refer to the experimental research of Bush [8] and French [9], i
and ji, as 0.48 and 0.14. 1 
C  is a constant number; Re is the Reynolds number; Pr is the Prandtl number; D is the ratio 2 
of diameter and height; f  and w  is the heat conductivity at average temperature and the 3 
wall temperature. The average temperature difference of wall ( 1T ), the average temperature 4 
difference of inlet and outlet ( 2T ), the average heat transfer coefficient ( h ), the average 5 
Nusselt number (Nu), the average Prandtl number (Pr) at different speeds are listed in 6 
Table.2.  7 
Table 2 Parameters at different motor speed  8 
Speed(rpm) 400 500 600 700 800 
1 )(1 ℃T  16.4 12.6 10.36 8.88 7.76 
2 （℃）2T  0.958 5.832 7.226 8.901 9.043 
3 )/( 2 KmWh   4754.6 37674 56771 81706 92961 
4
Average Nu  277.52 2198.96 3313.64 4769.08 5426.00 
5
Pr 2.911 5.000 5.424 5.803 5.816 
6
Average Re 5279.87 6599.83 7919.80 9239.77 10559.73 
2,1
Experiment data 9 
3
Calculate from equation 
AT
Tcm
h
1
2


 , c  is the heat capacity of water (
11  KkgJ ), m 10 
is the mass flow (
1 skg ), A is the area of the wall (
2m ) 11 
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4
Calculate from equation 

hl
Nu  , l  is the geometric characteristic length ( m ),   1 
is the heat transfer coefficient of water( 
11   KmW ) 2 
5
Calculate from equation 

 pc
Pr ,   is the dynamic viscosity ( sPa  ), pc  is the 3 
heat capacity (
11   KkgJ ),  is the heat transfer coefficient of water( 
11   KmW ) 4 
6
Calculate from equation 

ud
Re , u  is the speed of flow ( sm / ), d  is the 5 
hydraulic diameter ( m ),  is the kinematic viscosity of the fluid ( sm /2 ) 6 
The multiple linear regression analysis is adopted, and with the data in Table 2, the 7 
number mnC ,,  could be calculated. The correlation formula can therefore be written as Eq. 8 
(12)
 
9 
14.048.0813.012.3939.9 )(PrRe10051.1
w
f
DNu



             
(12) 10 
The Nusselt number and the average temperature difference of inlet and outlet at different 11 
speed are shown in Fig.17. At 400rpm, the temperature difference is small, which is less than 12 
1 ℃ and the Nusselt number around 250. Significant improvement on Nusselt number and the 13 
temperature difference can be observed at 500 rpm. The temperature difference anc Nu 14 
number increase with the increase of speed but the incensement is less significant when the 15 
speed is higher than 700 rpm.  16 
34 
 
Fig.17 The Nusselt number and the temperature difference between inlet and outlet with 
different speed
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